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Abstract—Large-area flexible ultrasound arrays can offer new 

ultrasound modalities in multiple fields. The production of these 

arrays when using CMOS-type fabrication techniques faces 

scalability challenges and costs increase dramatically when 

upscaled to large dimensions. We investigate the monolithic 

production of large-area PPT (Printed Polymer Transducer) 

arrays directly on a flexible substrate. Here, a vibrating 

membrane is defined by a circular opening in a thick photoresist 

layer. Since the photoresist layer is processed on top of the P(VDF-

TrFE), a thin barrier layer is used to prevent diffusion into the 

P(VDF-TrFE). An annealing procedure is developed to reduce the 

surface roughness of the P(VDF-TrFE) layer and make it 

compatible with thin film electrode deposition. We measure a 

remnant polarization of 7-8 C/cm2 and a coercive field of around 

50 MV/m. Laser scanning vibrometer measurements reveal a 

uniform peak displacement and fundamental resonance frequency 

(66 kHz) across the PPT array. 

Keywords—large-area, flexible, ultrasound transducer 

I. INTRODUCTION  

Large-area ultrasound arrays can enable new modalities in 
several fields of interest. In the automotive domain, large arrays 
can offer mid-air haptic feedback with greater intensity and 
spatial distribution of controls such that the driver does not need 
to move from the driving position to control the dashboard. In 
the medical domain, a more accurate diagnosis can be made by 
offering a larger field of view [1], a reduced result-dependency 
of the operator can be achieved, [2] and it enables new 
applications such as photoacoustic imaging [3] and through 
transmission measurements [4]. In both applications areas, 
large-area arrays are inherently linked to transducer flexibility 
since large and completely flat surfaces are uncommon in both 
car dashboards as well as the human body.  

Both the aspect of large-area and flexibility give rise to 
integration challenges. Currently the majority of transducers are 
either inherently rigid (ceramics) or processed on a rigid wafer 
with CMOS technology (CMUT and PMUT). To create flexible 
arrays, micromachined transducers are either transferred to a 
flexible substrate (e.g. [5, 6] or the substrate itself is made 
flexible by either thinning it down [7] or creating trenches [8,9]. 
In both approaches large-area arrays are challenging, since 
transfer processes are time-consuming and can cause yield 
problems, while the (thinned or trenched) silicon substrates have 
limited flexibility.   

As a scalable alternative for producing large-area flexible 
arrays, we employ monolithically printed transducers directly on 
a polymer substrate. The transducers are fabricated using thin-
film technology, with processes (e.g. coating techniques, 
photolithography) conventionally used in the flat panel display 
industry for the mass production of, for example, OLED 
displays. This ensures scalability, low cost of fabrication, and a 
route to fast deployment. We have reported the acoustic 
feasibility of a low-frequency transducer aimed at mid-air haptic 
feedback last year. Here, we investigate their fabrication 
methodology, processing challenges and performance. 

II. EXPERIMENTAL 

A. Transducer fabrication 

The PPTs are monolithically fabricated on top of a thin 
polyimide substrate of a rigid glass carrier. The bottom 
electrodes are structured using photolithography, after which a 
structured 20 µm P(VDF-TrFE) layer is stencil-printed on top. 
After evaporation of an interlayer, a thick photoresist is spin-
coated on top. The vibrating membrane is defined by an opening 
in the thick photoresist layer. The interlayer is dry etched to 
reveal the piezoelectric layer and a top electrode is thermally 
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evaporated through a shadow mask. After processing the 
transducers are released (laser assisted or mechanically) from 
the glass carrier, yielding fully flexible devices with a total 
thickness of <200 µm. 

 

 

Fig. 1. Shematic of a single single transducer layer stack. 

 

B. Layer analysis 

The layer thickness and roughness of the layers  were 
determined using a Veeco Dektak 80. The peak-to-peak 
roughness of the film was determined as the difference between 
the highest and the lowest point in the roughness, recorded 
within a given evaluation length. 

C. Electrical characterization 

Impedance, resistance and capacitance of the transducers 
were determined using an Agilent E4980A precision LCR 
meter. Hysteresis loops were recorded using an AixACCT TF 
Analyzer 2000. 

D. Vibrational characterization 

Out-of-plane surface displacement was measured using a 
laser scanning vibrometer setup, while exiting the PPTs with a 
linear chirp signals trough a waveform generator. Both the 
displacement and the natural resonance frequency of the 
membranes are determined. For an extended description of the 
setup the reader is referred to [10]. 

III. RESULTS AND DISCUSSION 

The membrane radial mode resonance frequency depends on 
the radius of the opening diameter (a), the membrane thickness 
(h), Youngs modulus (E) and the Poisson ratio (v), and can be 
approximated by: 

  

with a constant depending on the harmonic n, and the 
membrane density [11]. Currently, the majority of MUTs are 
being fabricated trough etching (front or back side) of SOI 
wafers to create the (vibrating) membranes. The membrane itself 

is therefore commonly made of silicon. Considering that silicon 
has a Youngs modulus that is 2-3 orders of magnitude higher 
than common polymeric materials, our polymeric transducer has 
been created using the relatively thick polymeric carrier as part 
of the membrane to compensate for the decrease in stiffness (and 
resulting drop in natural resonance frequency). In addition,  the 
center frequency of the natural resonance is controlled by 
varying the opening diameter, a. In our polymeric transducer, 
the diameter is defined by an opening in the top photoresist 
layer. To prevent excessive damping of the membrane vibration, 
we deposit a relatively thick layer of photoresist (>100 micron), 
to generate enough stiffness and thereby controlling the 
transducer’s bandwidth.  

A. Photoresist processing 

Upon processing the photoresist layer on the P(VDF-TrFE) 
layer, we observed changing electrical characteristics in the 
piezoelectric layer. LCR measurements before and after the 
deposition of photoresist show a change in loss factor and a 
decreased dielectric constant (figure 2). Recorded hysteresis 
curves show that without the photoresist layer a remnant 

polarization of 7-8 C/cm2 and a coercive field of around 50 
MV/m are present. These values are comparable with literature 
[12]. However, as shown in figure 3, the photoresist layer 
strongly influences the hysteresis curves. Photoresists 
commonly contain organic solvents, in this case 
cyclopentanone. Partial dissolving of P(VDF-TrFE) can lead to 
diffusion between the two layers resulting in altered electrical 
behavior.  To prevent the layer diffusion, we introduced a thin 
inorganic interlayer on the P(VDF-TrFE) before spin-coating 
the photoresist on top. In both the LCR and hysteresis 
measurement, we observed that this resulted in recovered 
(piezo)electrical characteristics. 

 

 

Fig. 2. Dielectric constant, r, and dielectric loss, tan as a function of 
frequency, of a single PPT measured both before and after depositing 

photoresist on the piezoelectric layer. 
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Fig. 3. Recorded hysteresis curves of the piezo of a single PPT at 0.1 Hz, 

measured withouth photoresist, with photoresist and with the photoresist 

separated by an interlayer. 

B. Surface roughness 

The top contact is evaporated directly on the P(VDF-TrFE) 
surface. Typically in thin-film devices the electrode tracks have 
a thickness in the order of a hundred nanometer. We found that 
the P(VDF-TrFE) solution processing steps resulted in a surface 
roughness of over 1500 nm (peak-to-peak) when processing 

layers >20 m (figure 4, black trace), an order of magnitude 
higher than the electrode thickness. The mismatch can lead to 
insufficient step-coverage and local amplifications of the 
electric field, which can in turn lead to dielectric breakdown 
when poling the piezoelectric layer at high voltages. In addition, 
the roughness of the P(VDF-TrFE) also partly determines its 
transparency. A highly transparent piezoelectric is favored for 
alignment purposes during processing and enables the 
fabrication of transparent transducers (e.g. for photoacoustic 
imaging).   

It is well reported that a P(VDF-TrFE) layer undergoes 
structural changes upon annealing [e.g. 13]. SEM images show 
that during this process the microstructure of the material 
changes from microporous to microfibrillar. In addition,  Li et 
al. have shown that vapor induced phase separation (VIPS) 
occurs in presence of water vapor and causes a porous and rough 
surface to form [14]. This latter work inspired  us to investigate 
the annealing of thick P(VDF-TrFE) layers in vacuum, to 
eliminate the VIPS effect. In initial experiments, we performed 
a 30 minute annealing at 130 ºC in air both and vacuum. This 
temperature has been chosen to obtain maximal piezoelectric 
response [15]. Both conditions resulted in a similar surface 
roughness of over 1500 nm peak-to-peak (figure 4, blue trace). 
Repeating this experiment at 80 ºC however, resulted in a much 
lower roughness of below 200 nm peak-to-peak. Here, the 
solvent  evaporation (TEP) is considerably slower. Since we 
need higher temperatures to obtain the desired piezoelectric 
properties, we attempted a two-step approach of 30 minutes at 
80 ºC followed by 30 minutes at 130 ºC (figure 4, red trace). We 
obtained a low roughness of 200 nm peak-to-peak while 
maintaining the piezoelectric properties, which is a significant 
improvement in roughness over the direct annealing methods.  

 

Fig. 4. Recorded hysteresis curves of the piezo of a single PPT at 0.1 Hz, 

measured withouth photoresist, with photoresist and with the photoresist 

separated by an interlayer. 

C. Accoustic performance 

To characterize the membrane performance in arrays, we have 

fabricated an annular array consisting of 300+ PPTs. The out-

of-plane surface displacement of this array was measured using 

a laser scanning vibrometer setup (figure 5). Apart from two 

diverging regions (top-right and bottom, caused by local 

delamination), we obtain a uniform membrane peak 

displacement of on average 242 nm. In addition, we determined 

the fundamental resonance of all membranes (figure 6). Apart 

from a few outliers, the majority of elements has its 

fundamental resonance frequency around 66 kHz. For an 

extended description of these measurements and in-air 

accoustic measurements, the reader is referred to [10, 16]. 

 

  

Fig. 5. Measured peak out-of-plane displacement across a 300+ element PPT 

annular array. The average peak displacement is 242 nm. Two deverging 

regions (top right an bottom) are attributed to local delamination.  
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Fig. 6. Measured fundamental resonance frequency of each PPT of a 300+ 

element annular array. Apart from a few outliers, a uniform resonance 

frequency of 66 kHz is found across the array.  

IV. CONCLUSION 

We demonstrated that we can monolithically fabricate a 
flexible PPT array, where the flexible membrane is composed of 
the piezoelectric layer as well as the flexible substrate it is 
processed on. To make the piezoelectric layer compatible with 
thin-film processes, we reduced its surface roughness using an 
adapted annealing procedure and applied a barrier to protect the 
active layer from solvent diffusion and thereby, preventing 
piezoelectric performance loss. The piezoelectric layer shows on 
par remnant polarization values. The PPTs have a natural 
resonance frequency of 66 kHz and show uniform behavior 
across the array. 
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